Two of the most popular bariatric procedures, vertical sleeve gastrectomy (VSG) and Roux-en-Y gastric bypass (RYGB), are commonly considered metabolic surgeries because they are thought to affect metabolism in a weight loss-independent manner. In support of this classification, improvements in glucose homeostasis, insulin sensitivity, and even discontinuation of type 2 diabetes mellitus (T2DM) medication can occur before substantial postoperative weight loss. The mechanisms that underlie this effect are unknown. However, one of the common findings after VSG and RYGB in both animal models and humans is the sharp postprandial rise in several gut peptides, including the incretin and satiety peptide glucagonlike peptide-1 (GLP-1). The increase in endogenous GLP-1 signaling has been considered a primary pathway leading to postsurgical weight loss and improvements in glucose metabolism. However, the degree to which GLP-1 and other gut peptides are responsible for the metabolic successes after bariatric surgery is continually debated. In this review we discuss the mechanisms underlying the increase in GLP-1 and its potential role in the metabolic improvements after bariatric surgery, including remission of T2DM. Understanding the role of changes in gut peptides, or lack thereof, will be crucial in understanding the critical factors necessary for the metabolic success of bariatric surgery. (Endocrinology 158: 4139-4151, 2017) D espite enormous efforts through lifestyle intervention and pharmaceutical strategies, bariatric surgery remains the most effective treatment for people with severe obesity (1, 2). Beyond weight loss, bariatric procedures result in rapid improvements in glycemia and, for many patients, remission of type 2 diabetes mellitus (T2DM) and other obesity-associated comorbidities. The two most commonly performed bariatric procedures worldwide are the Roux-en-Y gastric bypass (RYGB) and the vertical sleeve gastrectomy (VSG) (3). The RYGB operation bypasses~95% of the stomach and upper gastrointestinal (GI) tract by creating a small gastric pouch just under the esophagus, then anastomosing the mid-to distal jejunum directly to the small pouch. The remainder of the stomach and the proximal intestine remain in the body and are excluded from nutrient flow, but the distal portion of the duodenum is reattached further down within the jejunum to allow bile acids and digestive enzymes to reach nutrients. In VSG, nearly 80% of the stomach along the greater curvature is removed, creating a narrow tubular stomach, leaving the pylorus structurally intact. In contrast to RYGB, VSG does not involve intestinal rearrangement and thus preserves normal intestinal nutrient flow (4). In a randomized trial, RYGB and VSG compared with medical therapy alone resulted in excess weight loss of~28%, 25%, and 5% and with T2DM remission of 42%, 37%, and 12%, respectively (5). These data indicate that although the surgeries have drastic differences in anatomical rearrangement, their impact on weight loss and T2DM remission is remarkably greater than that of current medical strategies.
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espite enormous efforts through lifestyle intervention and pharmaceutical strategies, bariatric surgery remains the most effective treatment for people with severe obesity (1, 2) . Beyond weight loss, bariatric procedures result in rapid improvements in glycemia and, for many patients, remission of type 2 diabetes mellitus (T2DM) and other obesity-associated comorbidities. The two most commonly performed bariatric procedures worldwide are the Roux-en-Y gastric bypass (RYGB) and the vertical sleeve gastrectomy (VSG) (3) . The RYGB operation bypasses~95% of the stomach and upper gastrointestinal (GI) tract by creating a small gastric pouch just under the esophagus, then anastomosing the mid-to distal jejunum directly to the small pouch. The remainder of the stomach and the proximal intestine remain in the body and are excluded from nutrient flow, but the distal portion of the duodenum is reattached further down within the jejunum to allow bile acids and digestive enzymes to reach nutrients. In VSG, nearly 80% of the stomach along the greater curvature is removed, creating a narrow tubular stomach, leaving the pylorus structurally intact. In contrast to RYGB, VSG does not involve intestinal rearrangement and thus preserves normal intestinal nutrient flow (4) . In a randomized trial, RYGB and VSG compared with medical therapy alone resulted in excess weight loss of~28%, 25%, and 5% and with T2DM remission of 42%, 37%, and 12%, respectively (5) . These data indicate that although the surgeries have drastic differences in anatomical rearrangement, their impact on weight loss and T2DM remission is remarkably greater than that of current medical strategies.
Since the publication of two integral articles nearly 20 years ago (6, 7) , research into the mechanisms behind bariatric surgery-induced improvements in body mass and glucose homeostasis has resulted in several theories. Historical hypotheses have focused on the anatomical aspects of the procedures. VSG and RYGB were thought to be "restrictive" because the reduced stomach size would restrict the amount of food that could be ingested at any given meal. Alternatively, surgeries such as RYGB were also thought to be "malabsorptive" in that the intestinal rearrangement would limit macronutrient absorption and calories would be lost during elimination (8, 9) . Although these mechanical hypotheses are often still discussed, there are wide-ranging changes in physiology and feeding behavior observed in both animals and humans that cannot be explained by these anatomical rearrangements.
One predominant physiological change after bariatric surgery is the large postprandial increase in a variety of gut-secreted peptides. Many of these peptides have been found to be critical physiological regulators of appetite, energy expenditure, and glucose and lipid metabolism, making them good mechanistic candidates for improved metabolism after surgery. However, the extent to which the increase of any single peptide is the sole mechanism underlying the effect of bariatric procedures is debated. Given the drastic differences in postoperative anatomies but similar outcomes between RYGB and VSG, further scrutiny of intestinal hormone responses between these procedures may provide insight into the hormone-driven mechanisms that underlie metabolic surgical success. This mini-review explores the role of gut peptides, particularly glucagonlike peptide-1 (GLP-1), in the improvement in glycemic control resulting from VSG and RYGB procedures.
Gut Peptide Regulation and Physiology
The intestine secretes a host of gut peptides that respond to nutrient ingestion and regulate glucose and lipid metabolism and satiety. It was originally suggested that the various intestinally derived peptides are produced and secreted by distinct enteroendocrine cells. For example, specialized enteroendocrine K-and I-cells secreted glucose-dependent insulinotropic peptide (GIP) and cholecystokinin (CCK), whereas enteroendocrine L-cells produce preproglucagon-derived peptides [GLP-1, glucagonlike peptide-2 (GLP-2), and oxyntomodulin] and also peptide YY (PYY) (10) . However, recent work has challenged this traditional view, because individual enteroendocrine cells have been shown to express multiple gut peptides (11) (12) (13) . For example, many "L-cells" in the distal jejunum and ileum coexpress GLP-1 and PYY (14) , whereas proximal "L-cells" can also produce GLP-1 (15) , in addition to secreting CCK, GIP, neurotensin, or secretin (16) . The mechanisms that drive enteroendocrine release of these gut peptides into the blood stream are multifactorial and include responses to direct nutrient stimulation, intracellular metabolism, or neuroendocrine mechanisms [see Psichas, et al. (16) for review].
Once released, gut peptides can act locally on afferent neurons innervating the GI tract that signal to the caudal brainstem or enteric neurons, or they can enter the circulation to act on peripheral targets to regulate glucose and lipid metabolism (17) . Although many of these peptides work together to induce satiety and improve whole-body glycemia, only a select few have been implicated in the metabolic improvements seen after bariatric procedures. Perhaps because of the timing in which bariatric surgery procedures became more popular alongside developing therapeutics targeted to GLP-1, GLP-1 in particular has been targeted as a mechanism underlying the success of bariatric surgery. In this article, although we briefly summarize the noted changes in other gut peptides, our focus will be on the role of GLP-1 in the success of bariatric surgery.
Gut Peptide Responses to VSG and RYGB

Proximal gut peptides
If postprandial gut peptides are responsible for the success of surgery, then one would predict that the cocktail of peptides initiating these changes would be similar between RYGB and VSG. Given their differing anatomical rearrangements, comparing changes in gut peptides between VSG and RYGB could help narrow down the peptides critical for metabolic success. This reasoning would probably rule out any differences in proximally secreted gut peptides. Although this seems like a rational approach, the data are not as clear as one would predict.
Ghrelin, secreted from gastric and duodenal enteroendocrine cells, is one of the only GI tract-secreted peptides to decrease postprandially and to increase feeding when administered exogenously (18) . Given that the majority of the stomach is either bypassed or removed with RYGB and VSG, ghrelin levels would be expected to decrease postoperatively. However, it seems that leaving the stomach tissue in the peritoneal cavity after RYGB is sufficient to maintain ghrelin levels, because multiple studies have demonstrated significantly greater reductions in fasting ghrelin levels after VSG compared with RYGB (19, 20) . Whether this decrease in ghrelin is important is in question because mice genetically deficient in ghrelin have normal body weight loss and improvements in glucose tolerance in response to VSG, suggesting the postsurgical decrease in ghrelin is not necessary for metabolic improvements after VSG (21) .
A predominant peptide secreted from the duodenum, CCK, promotes gallbladder contraction, slows gastric emptying, and acts as a satiety signal. Although early after surgery (2 weeks) the postprandial increase in CCK is greater in VSG than RYGB, whereas postprandial CCK levels were found to be increased by RYGB (22) 1 (23) and 2 (24) years after surgery. Although more research is needed, if we assume overlapping mechanisms between RYGB and VSG, these data suggest that postsurgical changes in ghrelin and CCK are not a necessary mechanism leading to improvements in weight and glucose regulation after bariatric surgery.
GIP is secreted from enteroendocrine cells located within the proximal gut and is critical for regulation of insulin and gastric secretion and motility. Data on the impact of GIP in postoperative metabolic improvements are conflicting. Postprandial levels of GIP have been reported to be similar 2 weeks after (22) or higher 1 month (25) after RYGB compared to preoperative levels. However, 1 year postoperatively, postprandial GIP levels were found to be lower after RYGB (26) and VSG (20) . One possibility for these discrepancies is that postoperative timing of measurements lead to conflicting results. However, GIP is secreted in an active form and is then rapidly degraded by a protease enzyme called dipeptidyl dipeptidase IV (DPPIV). None of these previous studies seemed to measure the active peptide, which may contribute to the conflicting literature. In contrast, the literature does not conflict with regard to the impact of bariatric surgery and responses of GLP-1, a peptide that is also secreted in its active form and is even more rapidly degraded than GIP.
Distal gut peptides
Given that PYY and GLP-1 have been found to be cosecreted, it is not surprising that many clinical and preclinical studies find postprandial increases in both peptides after VSG and RYGB (27) (28) (29) (30) (31) (32) . Although consistent increases in PYY are seen after surgery, its mechanistic role in the weight loss associated with bariatric surgery has not been studied as extensively as with GLP-1.
The gene encoding GLP-1, preproglucagon, codes multiple peptides in a tissue-specific fashion. Whereas GLP-1 and oxyntomodulin are both thought to regulate satiety and glucose homeostasis, GLP-2 has a more predominant role in regulating intestinal morphology. Nevertheless, as one would predict, oxyntomodulin (29) and GLP-2 (33, 34) have also been reported to be increased by RYGB. Whereas changes in oxyntomodulin after VSG have not been reported, the increase in GLP-2 after VSG has been found to be comparable to that after RYGB (34) . Preclincal studies in rats demonstrate that the increase in GLP-2 occurs in parallel with intestinal hypertrophy (35) . The role of increased GLP-2 after VSG is unclear because intestinal hypertrophy occurs to a lesser extent, if at all, after VSG (36, 37) .
Like GIP, GLP-1 is rapidly degraded by DPPIV, limiting circulating levels. It has been estimated that only 10% to 15% of the secreted GLP-1 reaches the peripheral tissue in the intact form (38) . However, in contrast to GIP, GLP-1 has been found to be consistently elevated in response to both RYGB and VSG. Importantly, the effect of both RYGB and VSG on postprandial GLP-1 release is not seen in patients with an equivalent degree of weight loss achieved by caloric restriction (25) , highlighting the physiological effect of surgery. Both total and active levels of GLP-1 are increased after surgery. In fact, the absolute concentration of the intact hormone is nearly 10 times higher after RYGB and VSG (23) . Although some preclinical (39) and clinical studies (26, 40, 41) demonstrate similar postprandial increases in active GLP-1, some reports have suggested that RYGB increases postprandial GLP-1 to a greater extent than VSG (19, 20) . Regardless, it is clear that VSG results in greater postprandial GLP-1 levels compared with the same patients before surgery or compared with overweight controls. Thus, whether these smaller differences in GLP-1 between RYGB and VSG or between VSG and weight loss controls contribute to differences in metabolic outcome remains to be seen.
Altogether, these data indicate that changes in GI anatomy can greatly alter the cocktail of postprandial gut peptides ( Fig. 1 ). When RYGB is compared with VSG, it is apparent that the most consistent changes after these two surgeries are in the distal gut peptides, including PYY and the preproglucagon peptides. Although these changes, particularly in PYY and GLP-1, have been found to be associated with greater weight loss, association does not mean causation, and it could be that these changes in gut peptides are simply a physiological marker for bariatric surgery.
Mechanisms for Surgery-Induced Increases in GLP-1
The mechanisms leading to substantial postprandial release of gut peptides, particularly GLP-1, after bariatric surgery are thought to be largely a consequence of rapid nutrient delivery further down in the GI tract, where the majority of L-cells are located. As one would predict given the change in GI tract anatomy, nutrient delivery into the intestine is extremely rapid after RYGB (41) . In fact, early work investigating the physiological mechanisms underlying bariatric surgery used a surgical intervention where a piece of the distal gut was moved up and inserted into the proximal gut. This ileal transposition surgery led to increased GLP-1 and PYY and improved glucose tolerance (42) (43) (44) . In contrast to these surgeries, VSG increases nutrient delivery to the distal gut by accelerating the gastric emptying rate (45, 46) through increased gastric pressure (46) . However, this rapid nutrient entry may be only the start of the process. Although the speed of nutrient delivery may be important after RYGB (47) , preclinical research suggests that the gastric emptying rate is not solely responsible for driving increases in GLP-1 after VSG. Notably, nutrient infusion directly into the duodenum at the same rate and volume in rats that had sham or VSG procedures caused similar increases in plasma GLP-1 (46) . These data led to the suggestion that intestinal physiology is adapting to rapid nutrient entry by increasing enteroendocrine cell number or increasing nutrient sensitivity of the existing enteroendocrine cell population. One study has shown that VSG in rats promotes increases in L-cell number (36), but another did not (37) . The reasons for these discrepant findings after VSG are unclear. One interesting possibility is that differences in prolonged dietary exposure, including chronic exposure to high-fat diets, leads to structural and functional changes in the gut nutrientsensing pathways (48) . For example, the previous study that found changes in cell number maintained animals on a high-fat diet (36) , whereas the other study provided a choice between chow and a high-fat diet (37) , suggesting that the impact of VSG on intestinal hypertrophy depends on dietary exposure. On the other hand, RYGB is more consistently associated with intestinal hypertrophy regardless of diet exposure (36, 49) . Thus, in the case of RYGB, it seems that the increase in enteroendocrine cells, in general, increases the L-cell population, which in turn leads to increased GLP-1 (36) .
It has also been postulated that changes in intestinal nutrient-sensing capacity are critical not only for driving changes in gut peptide secretion but also for the overall metabolic success of bariatric procedures. In fact, the intestine is now commonly considered a major site of glucose disposal, thereby stimulating intestinal glucose metabolic pathways toward supporting tissue growth (50) . Furthermore, in humans, a study using a uniformly labeled glucose tracer found that glucose absorption was increased after RYGB, and this rapid absorption was associated with the exaggerated release of insulin and GLP-1 (51) . Interestingly, active glucose absorption though the intestine has been directly linked to GLP-1 secretion (52) .
Another mechanism linking nutrient sensing to the rise in postoperative GLP-1 is the increase in plasma bile acids seen with both RYGB and VSG. These surgeries not only increase total plasma bile acids but also alter the types of bile acids, and this increase is independent of weight loss (53) (54) (55) . Bile acids act on two different receptors; one is the G-protein-coupled bile acid receptor 1 (TGR5) and the other a nuclear transcription factor, farnesoid X receptor (FXR). The increase in GLP-1 is thought to occur through TGR5 (56) . However, the role of bile acids in the surgery-induced rise of GLP-1 remains disputed because GLP-1 responses to VSG were blunted in TGR5 null compared with wild-type mice in one (57) but not another study (58) . Although the role of TGR5 remains in question, it is important to note that GLP-1 responses are normal in FXR knockout mice, suggesting that bile acids do not regulate GLP-1 through FXR. As an aside, despite the normal GLP-1 responses, FXR knockout mice do not lose weight or have improvements in glucose tolerance after VSG (59) . Thus, bile acid signaling through FXR may be critical for the metabolic success of VSG, but this effect is not mediated via changes in GLP-1.
Collectively, these data suggest that the drive to increase GI peptides, like GLP-1, after surgery is a result of rapid nutrient delivery further down the GI tract, where the majority of L-cells are located. However, the data also indicate that intestinal adaptation in response to chronic exposure to rapid nutrient entry, such as increases in enteroendocrine cell number or nutrient-sensing capability within enteroendocrine cells, contributes to the elevation in postprandial GLP-1 after RYGB or VSG.
Role of GLP-1 in Glucose Homeostasis and T2DM Remission After Bariatric Surgery
Impact of bariatric surgery on glucose homeostasis
Glucose homeostasis is controlled by a complex and integrated system highly dependent on insulin sensitivity and insulin secretion. Clinically, changes in glucose homeostasis are measured by variations in fasting and postprandial glucose and insulin levels, hepatic and However, HOMA-IR is a surrogate for studying insulin sensitivity. More complex analyses are vital to increase our understanding of postoperative changes in glucose homeostasis. Hepatic and skeletal muscle insulin sensitivity is best measured via a hyperinsulinemic-euglycemic clamp with glucose tracing techniques. This approach has identified improvements in both fasting hepatic glucose production and hepatic insulin sensitivity in patients with or without T2DM as early as 1 week after RYGB (62) , an effect that seems to be maintained for $1 year postoperatively (33, 62) . Thus, it is clear that hepatic glucose metabolism is improved in patients with or without T2DM after surgery. Both human and rodent studies suggest that early improvements in insulin sensitivity are driven predominantly by the liver, whereas later improvements in skeletal muscle sensitivity come with weight loss (39, 51) .
The mechanisms for the early improvements in hepatic glucose production are unknown. However, impaired hepatic insulin action is associated with increases in hepatic fat content. Indeed, both RYGB and VSG produce a dramatic decrease in hepatic fat content and parallel normalization of hepatic glucose production (63) . Assuming that reductions in hepatic fat content are unlikely to occur immediately after surgery, an alternative explanation is necessary for the early improvements in hepatic insulin sensitivity. In fact, it has been suggested that the early improvement is due solely to reduced energy intake (64) . This issue is an important consideration for the weight loss-independent effects of surgery.
Like those of postprandial GLP-1, the temporal kinetics of insulin are altered postoperatively, resulting in a more rapid peak before returning to a lower fasting level in both rodents and humans. Although these postprandial insulin kinetics may relate directly to GLP-1, in a pooled group of patients who underwent VSG and RYGB, pancreatic fat deposition as assessed by positron emission tomography was found to be reduced alongside improvements in b-cell function (65) , suggesting that surgery has effects on the pancreas that are not dependent on a direct effect of GLP-1 on insulin secretion. Thus, bariatric surgery alters every aspect of glucose control from insulin secretion to sensitivity.
Impact of GLP-1 on glucose homeostasis after bariatric surgery
Although the surgery-induced rise in postprandial GLP-1 levels is associated with weight loss and T2DM remission, it remains unknown whether this rise is the cause of postoperative metabolic improvements. Although the effect of GLP-1 on insulin secretion is clear, GLP-1 has been found to act on multiple aspects of glucose control and through a variety of target organs. Some of these effects are summarized in Fig. 2 .
Decades ago, it was observed that an oral glucose load leads to a much greater insulin excursion than intravenous glucose (66) . This phenomenon, dubbed the incretin effect, has been credited to two particular gut peptides, GLP-1 and GIP (67, 68) . In nonobese subjects without T2DM, GLP-1 and GIP contribute nearly equally to the incretin effect, stimulating the majority of postprandial insulin release (67) . However, in patients with T2DM (69) and, although not to the same degree, in obese patients with normal glucose tolerance (70), the overall incretin effect is reduced. Both RYGB and VSG correct this abnormality and even increase the incretin effect. Given the inconsistent results in the increase in GIP postoperatively, the extent to which GIP contributes to improved glucose tolerance is debatable. Further implicating GLP-1 in the increased insulin response, administration of the GLP-1 receptor antagonist exendin(9-39) has been found to impair insulin response to an oral glucose load in both humans and rodents (39, (71) (72) (73) . In an effort to determine whether GIP is important after RYGB, one study gave patients who underwent RYGB the DPPIV inhibitor sitagliptin to increase the bioavailability of both GLP-1 and GIP (74) . They then combined sitagliptin with the GLP-1 receptor antagonist exendin(9-39) to block GLP-1 signaling and consequently isolate the impact of GIP signaling on glucose tolerance outcomes. Interestingly, sitagliptin did not improve glucose tolerance or b-cell function when GLP-1 receptor signaling was blocked. In contrast, patients with T2DM who have not undergone bariatric procedures fully responded to the DPPIV inhibitor with improved glucose tolerance and insulin secretion, when it was combined with exendin(9-39) (75). Together these data suggest that RYGB shifts the balance of the incretin effect toward GLP-1 and away from GIP.
Although the effect of GLP-1 on insulin secretion after bariatric surgery is clear, GLP-1 has been found to act on multiple aspects of glucose control and through a variety of target organs (Fig. 2) . Central nervous system GLP-1 receptors have been shown to be important for regulating body weight and glucose homeostasis, including suppression of hepatic glucose production in rodents (76) (77) (78) , suggesting that surgically induced increases in GLP-1 could also act centrally to regulate changes in glucose and body weight. To test this hypothesis, exendin(9-39) was infused centrally in rats that had RYGB or sham surgeries (79) . Interestingly, the GLP-1 receptor antagonist induced similar increases in body mass regardless of surgery. These data suggest that although these receptors are important for regulating normal body mass, they are not unique to RYGB. Unfortunately, glucose homeostasis was not studied. On the other hand, recent work has demonstrated that downregulation of the b-cell GLP-1 receptor in adult mice by an inducible Cre-loxP system is necessary for surgery-induced improvements in glucose tolerance and glucose-stimulated insulin secretion but not for VSG-induced weight loss (80) . These data are consistent with data in humans and rats, where a potent GLP-1 receptor antagonist reduced postprandial insulin secretion after both RYGB (39, 72) and VSG (39) . However, when whole-body GLP-1 receptors are knocked out, the animals lose comparable amounts of weight to their wild-type littermates after both VSG (81, 82) and RYGB (79) , suggesting that GLP-1 signaling is not necessary for surgery-induced weight loss. Altogether, the data certainly indicate that the increase in postprandial GLP-1 drives acute glucose responses to a meal after bariatric surgery but is not necessary for weight loss.
Role of GLP-1 in T2DM Remission
T2DM is classically characterized by exaggerated insulin secretion in compensation for whole-body insulin resistance and subsequent progressive failure of pancreatic b-cell function. Although this disease is thought to be chronic and progressive, given the aforementioned improvements in insulin secretion and sensitivity it is not surprising that there is a concomitant remission of T2DM for many patients. Although the postprandial GLP-1 response may be necessary for the insulin and glucose responses to a meal after bariatric surgery, whether GLP-1 is responsible for remission of T2DM is unclear. One study found that nutrient-induced GLP-1 response was one of the best predictors of T2DM remission after RYGB (32), whereas another study found that GLP-1 response to a mixed meal in patients 2 years after VSG was similar regardless of postoperative remission, relapse, or no remission of T2DM (83) . These subjects also had impaired insulin secretion after a GLP-1 antagonist but limited deterioration of glucose tolerance, suggesting that the increased long-term GLP-1 secretion after VSG is neither sufficient nor critical to maintain normal glucose tolerance in subjects with T2DM. The causative role of GLP-1 in T2DM remission after bariatric surgery will be difficult to tease apart in humans, but other predictive factors such as duration of disease, and thus the degree of b-cell destruction before surgery, may be more critical in determining whether b-cells can recover sufficiently to resolve T2DM (84) .
T2DM remission in RYGB and VSG
The overall physiological impact of RYGB and VSG is summarized in Fig. 3 . Although this figure summarizes a great number of similarities, whether T2DM remission occurs to the same extent in RYGB and VSG is debatable. Some studies have suggested equal potency between RYGB and VSG (20, 32, 85) , whereas others demonstrate that RYGB is more effective than VSG (86) (87) (88) at ameliorating T2DM. A small prospective study that compared RYGB and VSG discovered that both procedures resulted in similar improvements in glycemic control and fasting triglyceride levels and in the remission of T2DM (20) . A recent 5-year update from the STAMPEDE trial indicated few differences in glycemic, lipid, and metabolic improvements between patients who underwent RYGB and VSG; both surgeries were more effective than intensive medical therapy alone in decreasing or resolving hyperglycemia (86) . Some advantages of RYGB over VSG at the 5-year time point included greater weight loss with RYGB and more patients discontinuing T2DM medication (45% with RYGB and 25% with VSG) (86) . On the other hand, although RYGB and VSG caused similar reductions in body weight and improvements in HOMA-IR and hemoglobin A1c, RYGB was more effective at improving fasting blood glucose compared with VSG in obese, nondiabetic patients (89), suggesting RYGB and VSG have a similar impact on glucose levels in nondiabetic patients. However, recent studies in patients who underwent RYGB found that estimates of insulin sensitivity with fasting glucose and insulin (including HOMA-IR) or glucose response to an oral glucose load do not readily correlate with direct measures of insulin sensitivity (90) , suggesting that there could be methodological concerns about using estimates of insulin sensitivity to compare the efficacy of these two surgeries.
Altogether, T2DM remission seems to be better after RYGB, suggesting that there are important differences in the impact of each surgery on glucose homeostasis. Elucidating these differences could reveal the mechanisms that underlie surgery-induced improvements in glucose homeostasis.
Weight loss-independent effects on glucose homeostasis after bariatric surgery It has become increasingly clear that the mechanisms involved in the early glycemic improvements in T2DM remission after bariatric surgery are in addition to the impact of weight loss, given that glucose homeostasis typically improves before weight loss in the first few weeks postoperatively. This phenomenon has given rise to the idea that there are metabolic effects of bariatric surgery that are weight loss independent. That is, weight loss, in Figure 3 . Similarities and differences in anatomy and outcomes in response to RYGB and VSG. After RYGB (left), a small gastric pouch is made and is anastomosed to the jejunum, bypassing the majority of the stomach and upper intestinal tract. After VSG (right), 80% of the stomach along the greater curvature is removed without intestinal rearrangement to preserve the flow of nutrients through the proximal GI tract. Both surgeries (middle) result in improvements in reduced hepatic glucose production (HGP), increased postprandial insulin secretion, increase nutrient entry rate into the intestine, and increased nutrient-induced gut peptide release, including GLP-1 secretion. Both surgeries also cause weight loss and, in many cases, remission of T2DM.
and of itself, improves glucose homeostasis, but bariatric surgery causes early, additional responses crucial for the full metabolic effect. Several studies support this hypothesis. One group analyzed multiple studies that compared the endocrine and metabolic responses to either RYGB or low-calorie diets (25) . The crucial aspect of this comparison was that both the surgery and dietary intervention subjects had the same degree of weight loss at the time of data collection. They found that the patients who underwent RYGB had improved oral glucose tolerance, sixfold greater GLP-1 levels, and a greater incretin effect (insulin response was greater with oral than with intravenous glucose) compared with the dietary intervention group. In another study, RYGB reduced total and branched-chain amino acids, metabolites that are associated with insulin resistance, compared with patients who had equivalent weight loss through caloric restriction (91) . The improvement in glucose metabolism was also evident when compared with an equivalent weight loss group after gastric banding, a form of bariatric surgery in which a band is placed around the proximal stomach (92, 93) . Collectively, these data suggest that bariatric surgery, at least RYGB, has metabolic effects that go beyond the impact of weight loss. This effect is more clear in animal studies, where weight-matched controls are easy to achieve by restricting access to food and any changes in diet are controlled for. When this is done, both RYGB and VSG have been shown to result in early improvements in hepatic glucose production, improved glucose tolerance, and improved plasma and hepatic lipids (39, 94) .
One argument against this hypothesis is that patients who underwent RYGB were followed 21 days postoperatively alongside a control nonsurgical group that was placed on the same low-calorie diet (500 kcal/d), and both groups demonstrated comparable improvements in insulin sensitivity and b-cell function (95) . Regardless of whether the metabolic effects of surgery are indirect, resulting from weight loss, or through an alternative direct factor, it is clear that there are widespread physiological differences in response to weight loss with surgery as opposed to dietary intervention alone. Surgery leads to clear changes in postprandial glucose, insulin, and gut peptide release in addition to increases in bile acids. All these changes probably contribute to a more sustained if not more potent effect on glucose and lipid metabolism than mere calorie restriction.
Differences Between Clinical and Preclinical Results on the Impact of Bariatric Surgery
Animal models of bariatric surgery are a critical tool in determining the mechanisms underlying surgical success.
Using traditional genetic techniques, preclinical studies allow us to determine whether a gene is necessary for surgical outcomes. In addition, there is greater ability to control for diet, food intake, or body weight, which is difficult to do in clinical studies. Furthermore, newer technologies are allowing us to manipulate the activity of cell populations on demand (chemogenetics and optogenetics) that will probably be important in understanding changes in the central nervous system and feeding behavior after surgery. However, there are critical species differences from behavior to molecular cell signaling that cannot be ignored.
Qualitatively, rodents and humans have very similar responses to surgery. Both have substantial weight loss, elevated gastric emptying rates, and increased postprandial insulin and GLP-1 levels. Although direct comparisons of RYGB and VSG in rats yield similar weight loss and improvements in glucose tolerance (39) , recent data in mice demonstrated that after an initial weight loss, VSG mice continued on a parallel growth trajectory, whereas RYGB animals continued to lose weight for another week and maintained this body weight through 11 weeks postoperatively (96) . In the latter study, the initial weight loss and weight regain after VSG in rodents were due to changes in both lean and fat mass, whereas after RYGB, changes in body weight were due predominantly to changes in fat mass. This finding is in contrast to other studies in rats where similar changes in body fat and lean mass were seen after RYGB and VSG (39) and to other mouse models of VSG where differences in body mass over time are due solely to changes in fat mass (59, 82, 97) . Furthermore, in humans, postoperative weight loss reflects decreases in both lean and fat mass. As adipose and total body mass decrease in response to the negative energy balance, less muscle mass is necessary for weight bearing, leading to atrophy. In contrast to humans, mice and rats continue to grow throughout their lives, meaning that both fat and lean mass continue to expand. Unlike RYGB in humans, the rodent models of RYGB are associated with increased energy expenditure. However, whether these species differences are due to differences in response to RYGB or to methodological problems in assessing energy expenditure in human and rodent studies is less clear.
Generally speaking, feeding behavior is different between rodents and humans. Whereas humans typically eat three meals a day, rodents tend to eat the majority of their calories at the onset of, and then several smaller meals throughout, their active period (dark cycle). Despite these differences, and despite the caveats that patients are receiving both presurgical and postsurgical dietary counseling, early reductions in food intake drive early surgery-induced weight loss in both humans (98) and rodents (39) . In addition, there are clear parallels on the impact of surgery on feeding behavior. Both RYGB and VSG cause animals and humans to ingest smaller, more frequent meals (99) (100) (101) (102) (103) (104) (105) (106) . Many preclinical experiments maintain animals on the same high-fat diet both before and after surgery, which allows diet-independent analysis of surgical outcomes. Rodents are not faced with the same plethora of food choices as humans. However, both rodents and humans experience a change in food preference, favoring lower-calorie food as opposed to nutrient-dense foods after RYGB and VSG (104, 107, 108) . Thus, although there are clearly differences in the ways that laboratory rodents and humans are exposed to food, surgery induces similar changes in feeding behavior, suggesting that these changes are a critical aspect of surgery-induced weight loss.
Finally, although genetic manipulation is one of the strengths of preclinical work, it is important to recognize that transgenic manipulations can induce developmental compensations in parallel pathways that can mask the overall effect of loss of the gene on surgical outcome. There are always important caveats to consider when applying knowledge gained from preclinical models, and thus it is important to consider all these issues when designing studies and interpreting results.
Complications Associated With Bariatric Surgery
An important difference between RYGB and VSG relates to postoperative complications. Generally, complications are less severe for VSG than for RYGB (109) , which probably contributes to its increased usage over the years. For VSG, a major complication is gastric reflux, which probably results from the increased gastric pressure. This effect can be severe in some patients and even lead to a subsequent surgical transformation of VSG to RYGB. Although vitamin deficiencies due to malabsorption are common with RYGB, they can also occur with VSG and can be managed to some extent with lifelong vitamin supplementation. Another important complication is the incidence in postoperative hypoglycemia. In a subset of patients, specifically after RYGB, symptoms of postprandial "dumping syndrome" can be debilitating and are characterized by hypoglycemia, hyperinsulinemia, sweating, nausea or vomiting, and heart palpitations. The exact etiology of this type of hypoglycemia is unknown (110) . One hypothesis is that this phenomenon is caused by the elevated postprandial GLP-1 and consequently insulin levels after RYGB. Multiple studies have demonstrated that administering exendin(9-39) was sufficient to normalize postprandial insulin and glucose levels and prevent hypoglycemia in patients who underwent RYGB (111, 112) . However, considering that GLP-1 levels are also elevated after VSG (though not to the same extent), blocking GLP-1 signaling may be therapeutically sufficient but not the underlying mechanism of dumping syndrome. Lastly, although it is not necessarily a surgical complication per se, some patients do fail to lose weight (113) . Thus, the risks for these complications underscore the importance of understanding what mechanisms drive the success of surgery so that other, simpler strategies can be applied or so that we can determine which patients will respond most optimally to surgery.
Conclusions
This review highlights the impact of RYGB and VSG on gut peptide release, particularly GLP-1, and its potential role in the metabolic success of surgery. Largely from preclinical models but also from patients, the data indicate that the postprandial rise in GLP-1 drives the increased insulin and decreased glucose response to a meal. Less clear is the extent to which GLP-1 changes are responsible for T2DM remission. Bariatric surgery success probably results from a range of networking factors rather than a single unifying mechanism. This concept is reflected in recent pharmacotherapies that are aimed at targeting several signaling mechanisms concurrently. This strategy can lead to additivity in weight loss and metabolic improvements, which more closely mirror the effects of metabolic procedures. As evidenced from this review and countless others, bariatric surgeries are now accepted as metabolic surgeries in which weight lossindependent effects on metabolic homeostasis are of equal importance as the weight loss component of the procedure. Postoperative glycemic improvement is a result of multiple contributing factors, which may vary according to the surgical procedure, rodent species, and underlying biology (e.g., sex, genetics, glycemic status) of the patient group studied. Barriers such as health care availability, economic limitations, and surgical invasiveness prohibit bariatric surgery from being widely implemented to solve the worldwide obesity epidemic; therefore, continued preclinical and clinical research will be necessary for understanding the mechanisms of success to find a simpler strategy for weight loss and metabolic health.
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